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ABSTRACT
Mutants of Bacillus cereus with impaired heat resistance were
isolated. The growth, sporulation, heat resistance and dipicolinic
acid (DPA) contents were studied at 30 and 40 C. In spite of a 30
fold difference in the heat resistance of the spores of various strains,
the DPA content of the mutants and the parent spores remained the same.
The mutant N5Y-1 was subjected to further analysis. The wild type
and the mutant spores contained comparable amounts of DPA, diaminopimelic
2+ 24-
acid, hexosamines, Ca and Mn . The mutant spores however had a 
24-
lower level of Mg and higher kynureninase activity than the wild type
spores. Kynureninase was purified to homogeneity from a temperature
sensitive sporulation mutant B. cereus Tg-17. The enzyme was isolated
by precipitating the sonicated cells with Polyethylenimine and extracting
the pellet with 0.1 M ammonium chloride. Further purification was
obtained by affinity chromatography on a Sepharose-4B matrix to which
L-kynurenine was coupled through hexamethylene amine. A molecular
weight of 106,000+6,000 daltons was obtained by sucrose density gradient
-4
centrifugation. of this enzyme was 1.8 X 10 M  L-kynurenine. A 
pyridoxal-5'-phosphate, concentration of 30 >ig/ml and a pH 8.1 were found 
optimums for the catalytic activity of the enzyme. The rate of dis­
appearance of L-kynurenine was linear when the reaction was catalyzed 
by the mutant enzyme. In contrast, the enzyme derived from the wild 
type gave a hyperbolic curve for the rate of reaction. The enzyme was 
composed of more than one subunit and in the wild type at least one of
vill
these subunits is particulate. This particulate fraction is released 
from the 102,000 X g pellet on incubation at 23 C. Anthranilic acid, 
the product of kynureninase activity, was detected instantaneously in 
the assay mixture with the mutant enzyme while with the wild type 
enzyme it required a prolonged incubation period. A model for 
kynureninase activity from B. cereus is proposed.
ix
INTRODUCTION
Since the discovery of bacterial endospores by Perty (1852) 
the process of sporulation has attracted the attention of several 
investigators. Heat resistance is one of the unique characteristics 
which the spores acquire during the process of development. Several 
hypotheses have been proposed to explain the high thermoresistance of 
spores in comparison to its vegetative counterpart; the Involvement of 
dipicolinic acid (DPA) in heat resistance has attracted the most 
attention. The appearance of thermoresistance coincided or immediately 
followed the synthesis of DPA (Halvorson, 1957). DPA-less spores 
isolated by mutation of the heat resistant wild type were heat sensitive 
(Aronson et al., 1967) and in some cases the heat sensitivity of the 
mutants could be reversed by the addition of exogenous DPA (Halvorson 
and Swanson, 1969). However, there have been several reports indicating 
the lack of a correlation between heat resistance and DPA content of 
the spores (Byrne et al., 1960; Walker et al., 1961; Weiss and Strong, 
1966 and Hanson et al., 1972).
In recent years evidences to show the involvement of tryptophan 
catabolism in the process of sporulation in bacilli have accumulated. 
Onset of sporulation in Bacillus cereus coincided with the appearance 
of tryptophan catabolic activity in the cells (Prasad and Srinivasan, 
1970a). Heat sensitivity of spores induced by ethyl oxamate and nico­
tinamide could be reversed by the addition of certain tryptophan 
catabolites (Prasad and Srinivasan, 1970b). Also, the development of
1
2heat resistance could be interrupted by the addition of tryptophan 
analogues and induced heat sensitivity could be reversed by the addi­
tion of L-tryptophan at an appropriate stage of sporulation (Sohrabi, 
1972).
Kynurenine is an important intermediate in the tryptophan
catabolic pathway because tryptophan can be converted to different
products depending on which of the several enzymes acts on kynurenine.
One of these enzymes is kynureninase which catalyzes the hydrolytic
cleavage of L-kynurenine to anthranilic acid and L-alanine.
Evidences supporting the involvement of tryptophan catabolism
in the development of heat resistance led to the speculation that a
mutant with a deletion in tryptophan catabolic pathway would lead to
the production of heat sensitive spores. In order to test the validity
of the above suggestion an attempt was made to isolate mutants of
B. cereus possessing impaired heat resistance. Unlike other heat
sensitive mutants reported earlier in literature (Wise et al., 1967;
Halvorson and Swanson, 1969), these mutants although heat sensitive,
possessed the same level of DPA, diaminopimelic acid, hexosamines,
2+ 2+
Ca and Mn as the heat resistant parent. However, the mutant had a
24-
lower level of Mg and higher kynureninase activity than the wild 
type. Kynureninase was purified to homogeneity by affinity chromato­
graphy from a temperature sensitive sporulation mutant and its 
characteristics studied. The enzyme was also Isolated from the heat 
resistant wild type and its properties compared with those of the 
enzyme obtained from the temperature sensitive mutant. A model for 
kynureninase from B. cereus has been proposed.
REVIEW OF LITERATURE
A. Heat Resistance of Bacterial Spores
The heat resistance of bacterial endospores poses a serious 
problem in the sterilization of foods and medical supplies. Food 
sterilization by less severe treatments will reduce the cost of 
sterilization and at the same time improve the quality of food. Although 
numerous studies have been carried out on the heat inactivation of 
bacterial spores, our knowledge of the mechanism of heat resistance is 
still fragmentary.
Several hypotheses to explain the heat resistance of bacterial 
spores have been proposed. Dipicolinic acid (DPA), content has been 
most frequently correlated with the heat resistance of bacterial spores. 
DPA has been found in spores of all species of Bacillus and Clostridium 
and also in spores of Sporosarcina ureae (Thompson and Leadbetter, 1963). 
Spores of low DPA content produced endotropically (Black et al., I960), 
as a result of mutation (Aronson et al., 1967; Fukuda and Gilvarg,
1968; Halvorson and Swanson, 1969), by changing the carbon source in a 
calcium-rich medium (Church and Halvorson, 1959) or by the action of 
specific inhibitors (Srinivasan and Sharma, 1970) were all heat sensi­
tive. The rate of heat inactivation varied considerably with their 
DPA content. The increased thermoresistance of spores of B. subtilis
produced at elevated temperature was accompanied by an increased DPA 
2+
and Ca content of the spores (Lechovich, 1959). Loss of heat 
resistance of the spores during germination coincided with the excretion
4of DPA into the medium (Powell and Strange, 1953). Also, thermo­
resistance coincided or immediately followed the synthesis of DPA 
(Halvorson, 1957). However, later reports from several laboratories 
indicated that such a correlation between DPA content and thermo­
resistance of spores may only be fortuitous. In B. coagulans increased
thermoresistance was accompanied by decrease in DPA content (Lechowich,
2 -f 21
1959). Normal DPA synthesis occurs when Ca is replaced by Sr in
the medium. The spores thus produced were heat sensitive (Black et al.,
1960; Halvorson, 1961). In many species the heat resistance of the
spores was lost before DPA was released (Rode and Foster, 1960; Wooley
and Collier, 1965). DPA content could not be quantitatively related
with the resistance of spores of different species (Levinson et al.,
1961; Walker et al., 1961; Murrell and Warth, 1965). In the heat-
2+resistant spores of all species, Ca and DPA occur in nearly equimolar 
amounts. They are present in the form of Ca-DPA chelate, which is 
released from the spores during germination (Powell and Strange, 1953). 
Heat resistance was correlated with the Ca-DPA ratio within two species 
(Levinson et al., 1961; Lechowich and Ordal, 1962). However, such a 
correlation was not found by Murrell and Warth (1965). It has been 
suggested that the heat resistance of bacterial spores is due to the 
stabilization of spores biopolymers by Ca-DPA chelate (Powell, 1957;
Doi and Halvorson, 1961; Tang et al., 1968).
Dried cells of Escherichia coli in vacuo were as heat resistant 
as the spores of Bacilli (Zamenhof, 1960). A dehydrated state of spore 
cytoplasm as a possible explanation of heat resistance'was proposed 
by Powell and Strange (1953), Rode and Foster (1960), and Lewis et al. 
(1960). More than 50% of the volume of spores of B. cereus is permeable
to glucose (Gerhardt and Black, 1961a). Substances of molecular weight
up to 160,000 were able to penetrate the spores (Gerhardt and Black,
1961b). The origin of an anhydrous region in such an environment was
attributed to the loss of water due to colloidal shrinkage . Black and
Gerhardt (1962) suggested that the protoplast occurs as an insoluble
gel with macromolecules cross-linked through stable but chemically
reversible bonds with entrapped free water. Due to the hydrostatic
pressure of the contraction of the cortex dehydration of the protoplasm
takes place. Dehydration of the protoplasm is also aided by a change
2+
in chemical potential due to the accumulation of DPA, Ca and other
ions (Lweis et al., 1960). The contractile cortex theory was also
supported by Murrell and Warth (1965). However, there is no direct
evidence to support any of these hypotheses.
Composition of the medium also influences the heat resistance
of the spores produced. Iron, calcium, magnesium and phosphate were
necessary for high heat resistance (Levinson and Hyatt, 1964; Alderton
2+
et al., 1964). Elevated levels of Ca are associated with all thermo­
stable spores examined so far (Vinter, 1957; Murrell and Warth, 1965).
2+ 2+ 2+ 2+ 2+
In B. megaterium, Ca could be replaced by Mn , Zn , Ni , Co
2+
and Cu . The spores produced were, however, heat sensitive (Slepecky
2+ 2+ 
and Foster, 1959). Sr could replace Ca in the spores of B. cereus
without the loss of heat resistance (Murrell and Warth, 1965). High
2+ 2+
Ca concentration in the medium increased both Ca and DPA content
in the spores (Halvorson, 1961). However, a correlation between heat 
2+
resistance and Ca" content of spores were contradicted in later studies
2+
(Levinson et al., 1961; Walker et al., 1961). Mg also plays an 
important role in the heat resistance of spores (Walker et al., 1961).
2+
The Mg content and Mg/Ca ratio decreased significantly with increasing
2+
heat resistance (Walker et al., 1961; Murrell and Warth, 1965). Mh
has also been shown to be involved in the heat resistance of spores.
A Ca-Mn interaction has been postulated (Aoki and Slepecky, 1973).
2+ ?+
The role that Mg and Mn* plays in conferring heat resistance to the 
spores is not known.
Diaminopimelic acid (DAP) content of the spores has also been 
correlated with its heat resistance (Warth et al., 1962; Murrell and 
Warth, 1965). Addition of long chain fatty acids to the medium increased 
the thermoresistance of spores of Cl. botulinum (Sugiyama, 1951). Thus 
lipids may play some role in the heat resistance. Thermostability of 
some spore enzymes and nucleic acids may also contribute to the 
enhanced heat resistance of bacterial spores.
Prasad and Srinivasan (1970a) demonstrated the involvement of 
tryptophan catabolism during sporulation. Heat sensitivity could be 
induced by certain analogues of tryptophan and the induced heat 
sensitivity could be reversed by the addition of tryptophan (Sohrabi, 
1972). Similar reversal of heat sensitivity of ethyl oxamate and 
nicotinamide treated cells by tryptophan catabolites was demonstrated 
by Prasad and Srinivasan (1970b). Further investigations are, however, 
needed to establish precisely the role of tryptophan catabolism in the 
attainment and/or maintenance of heat resistance in bacterial spores.
B. Metabolism of Kynurenine
(i) Biochemical pathways
Kynurenine and its several catabolites have been associated 
with many pathological conditions and shown to participate in many
biosynthetic reactions. In vivo the compound arises as an intermediate 
in tryptophan catabolism. The dominant catabolic pathway of tryptophan 
is determined by the intracellular concentration of the amino acid.
At a low level of tryptophan most of it would be metabolized via 
kynurenine (Kostelow and Morrill, 1973). The enzymatic conversion of 
tryptophan to kynurenine was first described by Knox and Mehler (1950). 
A soluble system from rat liver catalyzed the following reactions.
L-Tryptophan
Tryptophan
pyrrolase
°2
N-Formylkynurenine
Kynurenine
formylase
h2o
L-Kynurenine
L-kynurenine is further metabolized by any one of the following 
pathways:
(1) Niacin pathway
(2) Aromatic pathway
(3) Quinoline pathway
(4) Other pathways
(1) Niacin Pathway.
Conversion of tryptophan to niacin was demonstrated by a variety 
of nutritional and tracer studies (Sarett and Goldsmith, 1950; Wilson 
and Henderson, 1963; Llngens and Vollprecht, 1964; Ahmod and Moat, 1966; 
Desaty and Vining, 1967). Details of the pathway are shown in Figure 1. 
Kynurenine, 3-hydroxykynurenine and 3-hydroxyanthranilic acid were
Figure 1. Niacin pathway of kynurenine metabolism.
L-kynurenine
Quinolinic acid
PRPP
Quinolinic acid 
ribonucleotide
-C02
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leotide
ATP
f
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v
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NADPH + H + 0 
V 2
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V
3-Hydroxykynurenine
\ t
3-Hydroxyanthranilic acid 
N jy
2-Acroleyl-3-aminofumaric acid
a-AminomuconLc- 5-semialdehyde 
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a-Hydroxy- 
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semialdehyde
Picolinic
acid
y-Oxalocrotonic acid
NADPH
a-Ketoadipic acid
NAD, CoA 
-CC)
Glutaryl-CoA
2-Acetyl-CoA, CO
intermediates of this conversion. Niacin requirement in Xanthomonas 
pruni could also be replaced by tryptophan, anthranilic acid, kynurenine, 
3-hydroxyanthranilic acid, 3-hydroxykynurenine, indole or quinolinic 
acid in the growth medium (Davis et al., 1950). Preparations of rat 
and cat liver mitochondria were found to catalyze the formation of 
3-hydroxykynurenine from L-kynurenine in the presence of NADPH (Decastro 
et al., 1956). The enzyme L-kynurenine hydroxylase was purified from 
various sources and its properties were studied. A pyridoxal phosphate 
requiring enzyme, kynureninase catalyzed the cleavage of alanine from
3-hydroxykynurenine to produce 3-hydroxyanthranilic acid. Details of 
this enzyme are discussed in another section.
(2) Aromatic Pathways
Kynurenine is metabolized to succinic acid and acetyl—CoA by 
several organisms (Figure 2). Anthranilic acid is produced from 
kynurenine by the action of kynureninase. Anthranilate hydroxylase 
from Pseudomonas has been shown to catalyze the incorporation of two 
atoms of molecular oxygen in anthranilate producing catechol (Ichihara 
et al., 1962; Taniuchi et al., 1963). Conversion of catechol to cis-cis 
muconic acid is catalyzed by an enzyme that has been purified from 
Pseudomonas and Brevibacterium (Nakagawa et al., 1963). Two more 
enzymes which have been partially characterized catalyze the conversion 
of cis-cis muconic acid to /3-ketoadipic acid (Sistron and Stanier,
1954). Action of a specific thiophorase on /3-ketoadipic acid in the 
presence of succinyl-CoA yields succinic acid and acetyl-CoA. The 
conversion of kynurenine to /3-ketoadipic acid in Aspergillus follows a 
different pathway (Subba Rao et al., 1968). The compounds 3-hydroxy- 
anthranilate, 2,3-dihydroxybenzoate and catechol are intermediates
Figure 2. Aromatic pathway of kynurenine metabolism.
L-kynurenine
Anthranilic acid
, 2 ,3-Dihydroxybenzoic 
acid
Catechol
cis, cis-Muconic acid
-Carboxymethyl- -butaneloid
-Ketoadipic acid
CoA
Succinic acid, Acetyl-CoA
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of this pathway (Terui et al., 1961a, b). The pathway and its regulation 
have been elucidated by Subba Rao and his associates (1968).
(3) Quinoline Pathway
A pyridoxal phosphate requiring enzyme kynurenine transaminase 
converts kynurenine to kynurenic acid. Enzyme preparations from various 
animal tissues and microorganisms has been studied (Stanier et al.,
1951; Miller et al., 1953; Jakoby et al., 1956; Ueno et al., 1963). 
Transamination yields o-aminobenzoyl pyruvate which spontaneously 
cyclizes to kynurenic acid. Xanthurenic acid is similarly formed from
3-hydroxykynurenine. Further degradation of kynurenic acid has been 
investigated by Hayaishi and his collaborators (1961). 7,8-dihydroxy- 
kynurenic acid and 7,8-dihydroxykynurenic acid diol have been identified 
as intermediates. L-Glutamic acid, D and L-alanine, acetic acid and 
carbon dioxide are the products of this degradative pathway (Figure 3).
(4) Other Pathways
Mouse liver homogenate catalyzes the conversion of 3-hydroxy- 
kynurenine to 4,8-dihydroxyquinoline (Makino et al., 1955). The first 
step is decarboxylation of 3-hydroxykynurenine presumably by an aromatic 
amino acid decarboxylase and the second by a monoamine oxidase, followed 
by cyclization of the aminoaldehyde product (Kanaoka et al., 1961).
The compound 5-hydroxykynurenine probably originates from hydroxylation 
of kynurenine (Figure 4). A mouse liver enzyme catalyzes the conversion 
of 5-hydroxykynurenine to 5-hydroxykynuramine (Makino et al., 1964).
In Neurospora anthranilic acid produced from kynurenine by 
kynureninase action is utilized for tryptophan biosynthesis (Figure 5). 
Such a cycle has been demonstrated by Haskins and Mitchell (1949) and 
Matchett and DeMbss (1963).
Figure 3. Quinoline pathway of kynurenine metabolism.
L-kynurenine
Kynurenic acid
7,8-Dihydrokynurenic acid-7,8-diol
7,8-Dihydroxykynurenic acid
i 
i
Glutamate, Alanine 
Acetate, C0„
Figure 4. Other pathways of kynurenine metabolism.
3-Hydroxykynurenine
3-Hydroxykynuramine
v
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▼
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Figure 5. Anthranilate cycle in Neurospora.
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(ii) Kynureninase
Since Kotake and Nakayama's (1941) observation on the conversion 
of kynurenine to anthranilic acid by mammalian liver extract, several 
reports of kynureninase have appeared. Wiss (1949) showed that the 
reaction was specific for L-kynurenine and that the products of the 
reactions were anthranilic acid and L-alanine. The inducible enzyme 
kynureninase was subsequently purified and characterized from 
Pseudomonas (Hayaishi and Stanier, 1952), Neurospora crassa (Jakoby 
and Bonner, 1953a), and rat liver (Knox, 1953). Crystallization of 
the enzyme from Pseudomonas was accomplished by Moriguchi et al.
(1971b).
(iii) Mechanism of kynureninase action
The crude extract as well as the partially purified preparation 
from rat liver invariably formed a constant proportion of kynurenic 
acid in addition to the anthranilic acid and alanine (Dalgliesh et al., 
1951). Addition of pyruvic acid to the preparation increased the 
amount of kynurenic acid formed. They proposed that the single enzyme 
kynureninase catalyzes a three step reaction involving the transfer 
of the a-amino group of kynurenine to pyridoxal phosphate, hydrolysis 
of the resulting keto-acid to anthranilic acid and pyruvic acid and 
transamination of the pyruvic acid with the aminated coenzyme to yield 
alanine and pyridoxal phosphate. The proposed intermediate
o-aminobenzoyl pyruvate can cyclize to form kynurenic acid.
Kynurenic acid
L-Kynurenine ■> o-Amlnobenzoyl pyruvate
Pyridoxal
phosphate
Pyridoxamine
phosphate
L-Alanine Pyruvate + Anthranilic acid
Braunstein et al. (1949) demonstrated that the kynureninase 
activity was decreased in pyridoxine deficiency, and that the enzyme 
required pyridoxal phosphate. Pyridoxal phosphate has been shown to 
be required by the enzyme from all sources. Out of the various 
analogues of Bg only pyridoxal phosphate acts as coenzyme. Purified 
kynureninase from Pseudomonas exhibited an absorption maximum at 
430 nm indicating the presence of bound pyridoxal phosphate. The 
holoenzyme can be resolved to apoenzyme by incubation with hydroxylamine, 
L-alanine and L-omithine and reconstituted by incubation with 
pyridoxal phosphate (Mbriguchi et al., 1973a).
The transaminase type activity of kynureninase was also
reported in mammalian tissues (Wiss, 1952) and Pseudomonas fluorescens
(Miller et al., 1953). Contrarily, Hayaishi and Stanier (1952) did
not find any kynurenic acid formation by bacterial kynureninase
preparation. Purified kynureninase from Pseudomonas was found not to
form kynurenic acid from kynurenine either in the presence or absence
of added pyruvate. The alanine formed in the presence of pyruvic 
14
acid-2-C did not have any detectable radioactivity (Miller and 
Adelberg, 1953). Further, aging the Pseudomonas extracts inactivated 
the transaminase activity without affecting the kynureninase activity
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(Miller et al., 1953). These observations rule out the transminatlon 
activity of kynureninase proposed earlier.
The mechanism proposed by Longenecker and Snell (1955) for the 
kynureninase action is illustrated in the Figure 6 . The Schiff's 
base of a-amino acrylic acid and pyridoxal phosphate was formed by 
heating serine with pyridoxal phosphate and aluminum ions. Formation 
of alanine was enhanced by the addition of o-aminobenzaldehyde with 
simultaneous formation of anthranilic acid. As an added evidence 
that the intermediate III could be reduced, sodium thioglycolate was 
substituted for o-amino-benzaldehyde as the reducing agent. An 
increased amount of alanine was formed and significantly the pH 
optimum for the substituted and original reaction were the same.
(iv) Inhibition of kynureninase by amines
The inhibition of kynureninase by amino acids was first observed 
by Goryachenkova (1951). He suggested that amino acids compete with 
kynurenine for manmalian kynureninase. Similar amine inhibition was 
also observed in a partially purified kynureninase preparation from 
Neurospora (Jakoby and Bonner, 1953b). Diamines were more effective 
than monoamines. Keto, imide and carboxylic groups were ineffective.
They suggested that the condensation of pyridoxal phosphate with an 
amine to form a Schiff's base renders the pyridoxal phosphate unavailable 
to the kynureninase. L-alanine inactivation of kynureninase from 
Pseudomonas was studied by Mbriguchi et al. (1973b). Inactivation was 
increased by prolonging the preincubation of assay mixture with 
L-alanine and could be reversed by adding pyridoxal phosphate.
Inhibition was accompanied by a decrease in absorbance at 430 nm
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Figure 6 . Mechanism of kynureninase action as proposed by Longenecker 
and Snell (1955).
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(corresponding to pyridoxal-51-phosphate) with the concomitant appearance 
of a new peak at 325 nm (for pyridoxamine-5'-phosphate).
L-ornithine was found to be a more effective inhibitor than 
L-alanine (Moriguchi et al., 1973b). Bound pyridoxal phosphate and 
L-ornithine is converted to pyridoxamine phosphate and A-pyrroline-2- 
carboxylic acid, respectively. Pyridoxal phosphate could be regenerated 
by adding pyruvate to the L-ornithine inhibited system. Pyruvate was 
converted to alanine during reactivation. Thus kynureninase also 
catalyzes the transamination between the a-amino group of L-ornithine 
and pyruvate.
(v) Importance of kynureninase
The most important role of kynureninase is its participation 
in the biosynthetic pathway leading to nicotinic acid. The enzyme 
has numerous other roles in various systems. In insects kynurenine 
and 3-hydroxykynurenine form the precursors for ommochromes (Tatum and 
Haagen-Smit, 1941; Schawl and Linzen, 1973). A lowered kynureninase 
activity will result into the accumulation of these compounds. An 
altered kynurenine metabolism has been shown to be associated with the 
colorless and different eye color mutations in Habrobracon juglandis 
(Leibenguth, 1971) and Apis mellifera (Dustmann, 1969).
In mammals, kynureninase occurs in kidneys, liver, and in small 
amounts in the spleen. It is found in rats, mouse, ginea pig, swine, 
cow and man (Machill, 1972). In humans, kynureninase activity is 
significantly higher in males than in females. Administration of 
estradiol in males drops the kynureninase level to that in the female 
(Rose, 1969). Decrease in kynureninase activity in females due to
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oral contraceptives is due to the inhibitory effect of estrogen on 
pyridoxal phosphate, a coenzyme which is required for kynureninase 
activity (Rose and Toseland, 1973).
Many intermediates of tryptophan catabolism are carcinogenic. 
Their mode of action is not clearly understood. Two of these compounds, 
3-hydroxykynurenine and 3-hydroxyanthranilic acid, which are potent 
carcinogens cause single stranded scission of calf thymus DNA 
(Yamafuji et al., 1973). Further evidences are needed to establish 
such a correlation between carcinogenecity and scission of DNA molecule. 
Abnormal tryptophan catabolism has been associated with many types of 
cancer (Bryan et al., 1964; Bryan et al., 1965; Leklem et al., 1969; 
Davis et al., 1973). Depressed kynureninase activity and increased 
excretion of tryptophan metabolites were marked following oral dosage 
of tryptophan in advanced stages of bladder cancer (Gillani et al.,
1973). The high incidence of bladder tumor observed in bilharzial 
patients given repeated treatment of tartar emetic is presumably due 
to inhibition of kynureninase activity (Abdel et al., 1969). Tryptophan 
catabolism has also been associated with many other clinical conditions 
in humans. Scleroderma and dermatomyosltis is accompanied by an 
alteration in kynureninase activity (Binazzi and Calandra, 1973).
Also, there is reduced kynureninase activity in carriers of Lupus 
erythematosus (Binazzi and Calandra, 1972). In the low birth weight 
infants the hydroxylation of kynurenine at the three position proceeds 
at a low rate and increased kynureninase activity results in greater 
amount of anthranilic acid (Ziegler and Berger, 1970). In the absence 
of thyroid hormone secretion the activity of kynurenine hydroxylase 
was markedly increased (Clot, 1973).
Urinary kynurenine excretion increases in congenital hypoplastic 
anemia (Price, 1970) and rheumatoid arthritis (Spierra, 1970). Persons 
suffering from bronchial asthma and chronic bronchitis have a high 
serum kynurenine (Warraki et al., 1970) presumably due to a low level 
of kynureninase activity. The spots of brown hyperpigmentation in 
the skin and sclera of subjects with Hartnup's disease are the direct 
consequence of an abnormal accumulation of 3-hydroxykynurenine owing 
to enzymatic block in tryptophan catabolism (Liggio, 1970). The 
etiology of all the above clinical conditions is however not an 
altered tryptophan catabolism. Instead it is some hormonal imbalance 
accompanying the disease which is causing the change in tryptophan 
catabolism.
MATERIALS AND METHODS
A. Organism
Bacillus cereus TR-2 phage resistant strain derived from
B. cereus T was used as a standard strain and referred to as wild 
type. B. cereus T^q -2, a variant of B. cereus TR-2 was used for the 
isolation of the heat sensitive mutants described in Table 1. B. 
cereus T -17, a temperature sensitive sporulation mutant isolated 
and characterized by Srinivasan was used for the purification of 
kynureninase. Washed spores of heat sensitive mutants were lyophilized. 
Other cultures were maintained as spores on nutrient agar slants.
All cultures were stored at 4 C.
B. Media
A semisynthetic medium referred to as 'G' medium (Stewart 
and Halvorson, 1953) was used for the growth and sporulation of the 
organisms. Unless otherwise mentioned the nutrient agar used for 
plating consisted of 0.3% beef extract, 0.5% peptone and 1.5% agar.
C. Cultivation of the Organism
The active culture technique described by Collier (1957) and
modified by Halvorson (1957) was used with some alterations throughout
this investigation. Appropriate volumes of 'G* medium were inoculated
with heat shocked (80 C, 30 min) spore suspension. Following 16
hours of incubation at 23 C, the cultures were shaken for 2 hours at
30 C, by which time a maximum density was obtained. Fresh medium
was inoculated with a volume equal to 10% of the final volume of this
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culture and Incubated at 30 C for 2-3 hours when it reached the 
maximum density. Again a 10% (v/v) inoculum was transferred to a 
fresh medium. Cultures of 1 liter or smaller volume were incubated 
on a gyrotary shaker. Large batches were grown in carboys with forced 
aeration and equipped with thermostatic control. Growth was monitored 
turbidimetrically at 630 nm with a Bausch and Lomb Spectronic-20 
spectrophotometer. Corning model 7 pH-meter was used for pH measure­
ments. Under the cultural conditions described the minimum pH of the 
culture coincided with the end of exponential growth. Morphology of 
the cells were studied under a phase-contrast microscope.
D. Selection of Heat-Sensitive Mutants
Two flasks, each containing 10 ml 'G*-medium were inoculated 
with an actively growing culture of B. cereus T^q -2 and incubated 
on a rotary shaker at 30 C for 3 hours. To one of the cultures 
10 mg of N-methyl-N'-nitro-N-nitrosoquanidine (NMG) were added and 
incubation was carried out for an additional 2 hours. Both cultures 
were sedimented at 50,000 x g for 15 min. in a RC-2 Sorvall refrigerated 
centrifuge. Pellet from the NMG-treated culture and supernatant 
fluid from the untreated culture were mixed together and incubated 
with 10 mg DL-kynurenine at 40 C on a rotary shaker. Cells were 
allowed to sporulate and then appropriate dilutions of heat-shocked 
(80 C, 30 min) cultures were spread on nutrient agar plates so as 
to obtain 20-30 colonies per plate. Plates were incubated at 40 C 
for 36 hours to allow the cells to sporulate. The plates were 
replicated on a nutrient agar (2% agar) plate. The replicas were 
immediately heat shocked (70 C, 15 min) and incubated at 40 C.
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Heat sensitive colonies were selected from the master plate by 
comparison.
E. Measurement of Density of Spores
Density of spores was determined by isopycnic gradient centri­
fugation technique (Tamir and Gilvarg, 1966). Linear, 5 ml gradients 
were formed at 26 C between 50-100% of RENO-grafin-76 in water and 
were placed at 4 C for 20 min. Washed spores were suspended in 
50% RENO-grafin-76(v/v), and layered on the top of the gradient. 
Centrifugation was performed in a Beckman L2-65B ultracentrifuge with 
a SW-65K swinging bucket rotor at 5 C for 45 min. at 16,000 x g.
After centrifugation the densities of spore preparations were calculated 
on the basis of distance of migration of the band.
F. Germination
Spores were heat-shocked for different periods at 80 C and 
germination was followed by measurement of change in optical density 
at 600 nm using a Gilford spectrophotometer model 2400. The germination 
mixture consisted of L-alanine (50 mM), adenosine (5 niM) and K 2HPO4 
(5 niM, pH 8.0).
G. Preparation of Sepharose-kynurenine Derivative
The procedure described by Marcus and Balbinder (1972) was 
followed for the preparation of Sepharose-kynurenine derivatives 
with some modifications. Settled Sepharose-4B (60 ml) was washed 
with 1 liter of chilled distilled water and 10 g of cyanogen bromide 
crystals were added to it. Reaction was allowed to proceed until the 
disappearance of all the cyanogen bromide (about 30 min) during which
31
time the pH was maintained between 10.5 and 11.0 with 8 M  sodium 
hydroxide and the temperature was maintained around 20 C by adding 
ice crystals. The activated Sepharose was quickly washed with 1 
liter of cold 0.1 M  sodium bicarbonate and two liters of water.
A 20 mM solution of L-kynurenine sulfate (60 ml), pH 9.0 was added 
to 20 ml of activated Sepharose and the suspension stirred for 20 
hours at 4 C. The kynurenine-Sepharose derivative (matrix A) was 
washed with one liter of distilled water and stored in an aqueous 
suspension at 4 C.
A 2 M solution of hexamethylendiamine titrated to pH 10.0 by 
concentrated HC1 were added to an equal volume (40 ml) of cyanogen 
bromide activated Sepharose and stirred for 20 hours at 4 C. The 
resulting aminohexamethylimino-Sepharose (AH-Sepharose) was washed 
with one liter of distilled water.
Ten mmoles L-kynurenine sulfate dissolved in 30 ml of aqueous 
40% N,N-dimethylformamide (DMF) was added to 20 ml of AH-Sepharose 
and the pH was brought to 5.0 with 1 M  HC1. Two grams of 1-cyclohexyl-
3-(2 morpholinoethyl)-carbodiimide metho-p-toluene sulfonate were 
added and the suspension was allowed to mix for 20 hours maintained 
at pH of 5.0. The derivative (matrix B) was washed with one liter 
of 0.1 M  ammonium carbonate and one liter of water.
Twenty ml of AH-Sepharose was succinylated with 30 ml of 2 M  
succinic anhydride. Ten mmoles of L-kynurenine sulfate was 
dissolved in 20 ml of aqueous 40% DMF and added to 20 ml of succiny­
lated AH-Sepharose. The pH was adjusted to 5.0 and two grams of
l-cyclohexyl-3-(2-morpholinoethyl)-carbodiiraide metho-p-toluene
Figure 7. Derivatization of Sepharose-4B.
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sulfonate added as a suspension In five ml water. The suspension 
was stirred for six hours during which the pH was maintained at 5.0 
with 2 M  HC1. The final preparation (matrix C) was washed with 300 ml 
of aqueous DMF followed by three liters of distilled water. A color 
reaction described by Inman and Dlntzis (1969) and modified by 
Cuatrecasas (1970) was used to test the presence of free amino-groups 
In the derlvatized Sepharose. One ml of saturated sodium borate was 
added to 0.5 ml aqueous suspension of the test material. Three drops 
of a 37o queous solution of sodium 2,4,6-trinitrobenzene sulfonate 
were added and the mixture was allowed to stand for two hours at 
23 C. Unsubstituted Sepharose produced a yellow color whereas 
derivatives containing primary aliphatic amines gave an orange color.
H. Assay of Kynureninase
The activity of kynureninase was determined by measuring the
rate of decrease in absorbance at 360 nm (£oc« = 40.0 X 10 **)
* 360 nm '
in a Gilford 2400 recording spectrophotometer. The standard assay 
mixture consisted of 200 u moles Tris CHI pH 8.2, one umole L-kynurenine 
sulphate, 50 ug of pyridoxal-5'-phosphate, enzyme and water to a 
volume to 3.0 ml. The reaction was initiated by the addition of 
L-kynurenine sulfate to the mixture containing the enzyme. One unit 
of enzyme is that amount which catalyzes the disappearance of one 
nmole of kynurenine/hour at 23 C under the conditions of assay 
described in the text. Specific activity is expressed as units of 
enzyme per milligram of protein.
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I. Sucrose Density Gradient Centrifugation
The molecular weight of kynureninase was determined by sucrose 
density gradient centrifugation according to the method of Martin 
and Ames (1961). Linear gradients were established with a Buchler 
gradient maker (Buchler instruments, Fort Lee, N. J.) between 5 and 
25% sucrose solutions in .05 M  tris-HCl, pH 7.0 containing 0.1%
2-mercaptoethanol. A  volume of 0.2 ml samples were layered on the 
gradients and centrifugation was carried out in a swinging bucket 
rotor (SW-65K) for 18 hours in a Beckman model L2-65B preparative 
ultracentrifuge at 102,000 xg. Ten drop fractions were collected 
using a Buchler drop counting fraction collector. Hemoglobin (mol. 
wt. 65,000) and catalase (mol. wt. 250,000) were used as standards.
The distance of migration of different proteins were determined in 
terms of the fraction number in which the peak of the corresponding 
protein appeared. The molecular weight of kynureninase was calculated 
according to the method described by Martin and Ames (1961).
J. Polyacrylamide Disc Electrophoresis
Polyacrylamide disc electrophoresis was performed as described 
by Davis (1964) and Omstein (1964). Analytical- gels containing 
7% polyacrylamide were prepared in 5 x 115 mm tubes. Protein (50- 
75 ug) in sucrose were applied to the gel and a current of 4 ma 
per gel was supplied by a Heathklt Regulated Power Supply, model 
IP 32. Completed gels were stained for protein with 1% amido black 
10B in 7% acetic acid. Gels were destained in 7% acetic acid on a 
reciprocating shaker.
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K. Analytical Methods
The mutant and the wild type cells were grown in 40 liter 
batches. Cultures were allowed to sporulate and the spores were 
harvested by means of Sharpies centrifuge provided with cooling 
coils. The spores were washed repeatedly with water and lyophilized.
The lyophilized spores were further dried in a desiccator. These 
spore preparations were used for all chemical analyses.
For the measurement of DAP and hexosamines spores were hydrolyzed 
in 6 M  HC1 for 15 hours at 110 C in sealed tubes. The hydrolyzate 
was dried in a vacuum desiccator containing conc. H^SO^ and solid 
NaOH. Traces of HC1 were removed by dissolving the residue in water 
and re-evaporating it to dryness.
Hexosamines were separated by chromatography on Whatman No. 3 
paper with isopropanol:water (4:1) (Homung, 1963) and measured with 
Elson-Morgan reagent as described by Cessi and Piliego (1960). For
the separation of DAP chromatograms were developed with butanol: __
pyridine-.water (6:4:3). Color developed with ninhydrin was eluted 
with 70% ethanol and measured at 570 nm (Mandelstam and Rogers, 1959). 
DAP was also measured by the method of Work (1957).
DPA was determined by the method of Janssen, Lund and Anderson
2
(1958). The spore suspension was autoclaved (15 lbs/inch , 30 min) 
and acidified with 1 M  acetic acid. The color developed in the 
supernatant fluid with ferrous ammonium sulfate and ascorbic acid 
was measured at 440 nm.
For the determination of calcium, magnesium and manganese the 
lyophilized spores were heated first with concentrated nitric acid, 
then with 70% perchloric acid; the solution was evaporated almost to
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dryness, and 10 ml distilled water was added to It. After boiling 
for a few minutes, two drops of concentrated HC1 were added and the 
solution was allowed to cool; it was then made up to 100 ml. Ca and 
Mg were estimated using Perkin-Elmer atomic absorption spectrophoto­
meter (David, 1960). Manganese was determined on a Farrand spectro- 
fluorometer MK-1 by the method of Pal and Ryan (1969). The test 
samples were boiled for 1-2 min with 10_Sl silver nitrate and 2%
_3
ammonium persulfate. The solutions were diluted and a 10 M  8- 
hydroxyquinoline-5-sulfonic acid solution was added. Fluorescence 
of the resulting solution were measured (375; 485 nm).
Anthranilic acid was detected either spectrophotometrically 
(310 nm) or by thin layer chromatography. Silica gel 'G' plates 
(0.25 mm thick) were used and the chromatograms were developed with 
chloroform: methanol:967o acetic acid (75:20:5). Spots were detected 
by viewing in short wavelength UV light (Diamantstein and Ehrhart,
1961).
Protein was estimated according to Lowry et al. (1951) using 
crystalline bovine serum albumin as standard. Protein content in 
the fractions from chromatographic columns was monitored by measuring 
the absorption at 280 nm.
L. Buffers
(i) Phosphate buffer
The buffer consisted of 0.04M Kl^PO^ adjusted to pH 7.2 with 1M 
-2
KOH and 10 M 2-mercaptoethanol.
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(ii) Standard buffer
The buffer contained 0.05 M tris (hydroxymethyl) aminomethane 
adjusted to pH 7.2 with glacial acetic acid, 10% (v/v) glycerol,
0.1% (v/v) 2-mercaptoethanol and 5 uM pyridoxal-5'-phosphate.
M. Chemicals
Adenosine, L-alanine, DAP, L-kynurenine sulfate and pyridoxal- 
5 '-phosphate were purchased from Sigma Chemical Co., St. Louis, Mb.
l-Cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluene 
sulfonate, DPA, NMG and 2,4,6-trinltrobenzene-sulfonate were obtained 
from Aldrich Chemical Co., Inc., Milwaukee, Wise. Cyanogen bromide, 
p-dimethylaminobenzaldehyde and succinic anhydride were purchased 
from Eastman Kodak, Co., Rochester, N. Y. Mallinckrodt Chemical 
Works, St. Louis, Mo., supplied N,N-dimethyl formamide. 1,6- 
Hexanediamine and 8-hydroxyquinoline-5-sulfonic acid were the products 
of Matheson Coleman and Bell, Baton Rouge, La. Polyethylenimlne 1000 
(PEI) was obtained from Dow Chemicals, Michigan and Sepharose-4B 
from Pharmacia Fine Chemicals, Sweden.
RESULTS
A. Properties of Heat Sensitive Mutants
Three mutants with impaired heat resistance were isolated 
by NMG treatment of B. cereus T ^ q - 2 , a strain that can grow and 
sporulate equally well at 30 and 40 C. Table 1 presents the data on 
growth, sporulation, DPA content and heat resistance of spores of the 
mutants and the parent strain grown at 30 and 40 C. All of them 
exhibited 100% sporulation (phase-bright spores) as observed under 
the microscope but the spores differed considerably in their heat 
resistance. Spores produced at 30 C were more heat resistant than 
the spores of the same strain produced at 40 C. This temperature 
effect was more pronounced in the mutants than in the wild type. 
Although there were differences in the thermoresistance of the spores 
their DPA content was nearly the same. Irrespective of the temperature 
of incubation the mutant N5Y-1 spores were most heat sensitive and 
was therefore selected for further study.
Figure 8 presents the changes in absorbance (600 nm) and 
pH of N5Y-1 and T^q-2 cultures during growth and sporulation at 30 
and 40 C. No significant difference between the two cultures could 
be detected except that at 40 C the rates of growth of both the 
cultures were higher than at 30 C.
Tables 2 and 3 present the chemical composition and densities
2+ 2+of the spores of the two strains. The DPA, Ca , Mn , hexosamines 
and DAP content and the densities of the parent and the mutant spores
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Table 1. Growth, sporulation, DFA content and heat resistance of spores of the mutants and the parent 
strain.
Temperature of Viable Heat stable % Heat DPA
Strain incubation (c) cells/ml cells/ml stable cells (ug/ml) Morphology
t 40"2 30
8
5.2x10
8
5.6x10 100 40 spores
40 4.5xl08 3.9xl08 87 45 spores
N5Y-1 30 6 .6xl08 2.lxlO8 32 49 spores
40 6 .0x10® 1 .5xl07 3 53 spores
N6Y 30 2 .8x10® 1.4x10® 50 49 spores
40 2.3x10® 1 .8xl07 8 52 spores
N5Z 30 3.7xl08 1 .5xl08 41 52 spores
40 5.4x10® 1 .6xl07 3 57 spores
Cultural conditions 
36 hours.
are described in materials and methods. All cultures were incubated for
•e*
o
Figure 8 . Growth of B. cereus T40-2 and N5Y-1 in G-medium 
at 30 and 40 C. Absorbance at 600 nm:
T40-2; -O-O-, N5Y-1. pH: T,q-2; A-A*.
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Table 2. Comparison of chemical constituents of spores of B. cereus 
T40-2 and B. cereus N5Y-1.
Constituents 
% dry weight B. cereus T/,q -2 B. cereus N5Y-1
DPA 11.9 10.2
Ca2+ 1.79 1.82
,, 2+ 
Mg 0.90 0.32
Mn 0.25 0.22
DAP* 2.0 1.8
Hexosamine 5.1 5.1
All chemical determinations were made on lyophilized spores 
grown at 30 C in 'G' medium by the active culture technique.
"Represents an average value of DAP measured by the methods of 
Work (1957) and Mandelstam and Rogers (1959).
Table 3. Comparison of buoyant densities of B. cereus T/,n-2 and 
B. cereus N5Y-1 spores.
Strain Density
T4o‘2 1.3070
N5Y-1 1.3075
Density of spores was determined by isopycnic gradient 
centrifugation technique as described by Tamir and Gilvarg (1966).
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were approximately the same. However, the heat resistant wild type
24-
spores contained a threefold higher level of Mg than the heat 
sensitive mutant.
Effect of duration of heat shock on the germination of the 
two strains was also studied. Results are illustrated in Figure 9. 
Without any heat treatment the rate of germination of the mutant 
spores were considerably lower than that of the wild type spores.
A 5 minute heat treatment was found optimum for the germination of 
mutant spores. Heat shock for periods longer than that resulted in 
loss of viability of spores. Germination of bacterial spores is 
accompanied by numerous changes occurring concurrently. Some of these 
changes such as phase darkening and decrease in absorbance are 
irreversible; once started they are not arrested until completion of 
the process. The continued decrease in absorbance of mutant spores 
under conditions in which they were nonvlable was perhaps due to the 
same reason. In contrast the wild type spores required a heat treat­
ment of 30 minutes for highest rate of gemination. The apparent 
decrease in viability of the wild type spores on heat treatment for 
periods less than 20 minutes could be because of "heat induced 
dormancy1'. Similar phenomena have been observed by Finley and 
Fields (1962) and Nath and Clegg (1969) in spores of B. stearothermophilus.
Heat sensitivity of ethyl oxamate or nicotinamide treated 
spores could be reversed by tryptophan catabolites (Prasad and 
Srinivasan, 1970b). An analogue of tryptophan, DL-5 fluorotryptophan 
can induce heat sensitivity in the otherwise heat resistant spore.
The thermosensitivity thus induced could be reversed by the addition 
of L-tryptophan to the treated culture (Sohrabi, 1972). These
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Figure 9. Effect of duration of heat-shock at 80 C on germination 
of B. cereus T ^ q - 2  and N5Y-1 in L-alanine and adenosine. 
Figures in parentheses indicate the per cent viability 
after heat treatment. B. cereus T^q-2: -O-O-, 0 min.;
10 min.; A A - , 20 min.; 30 min. B. cereus
N5Y-1: -0 -0 -, min.; , 5 min.; 10 min.;
-a-a-, 15 min.; A A - ,  20 rain.
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results were suggestive of a role of tryptophan catabolism in the 
development of heat resistance in spores. An attempt was made to 
reverse the heat sensitivity of N5Y-1 by L-kynurenine. A two-fold 
increase in the thermoresistance was obtained by the addition of 
L-kynurenine (lOOug/ml final concentration) at t^ in the initial 
experiments. The result however could not be obtained consistently.
The next approach was to compare the kynureninase activity between 
the mutant and the wild type.
Table 4 illustrates the kynureninase activity in the cells 
at various stages of growth and sporulation of the mutant and the 
wild type growing at 30 C. Cells obtained by the centrifugation of 
the 200 ml samples collected at various stages were disrupted by 
sonic pulses of 30 sec. each. The cell debris was removed by centrifuga­
tion and kynureninase activity was measured in the cellular extracts 
as described in materials and methods. The mutant kynureninase had 
a higher specific activity than the corresponding wild type enzyme.
Sporulation in Bacilli is accompanied by many morphological 
and physiological changes. Sequential induction and synthesis of 
specific proteins occur during the development cycle of the bacilli.
The appearance of kynureninase activity also follows a distinct 
pattern. Figure 10 illustrates the changes in pH, optical density 
and the kynureninase activity at different stages of growth and 
sporulation of the wild type B. cereus TR-2. The enzyme activity 
appeared at the end of exponential growth, reached a maximum in
4-5 hours and then started to decline. Cells were, therefore, 
routinely harvested 4 hours after the end of exponential growth.
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Table 4. Comparison of kynureninase activity In the mutant (N5Y-1) 
and the parent strain (T4 0-2) of B. cereus.
Age of the Culture (h) Specific activity (units/mg Protein)
B. cereus 
T40-2
B. cereus 
N5Y-1
7 23 10
9 27 51
11 7 36
13 5 11
200 ml samples were collected from growing cultures of the 
mutant (N5Y-1) and parent strain (T4 0-2) at the Indicated stages 
of growth and sporulation. Kynureninase activity was assayed In crude 
cellular extracts. Details of the experiment are described In the 
text.
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Figure 10. Changes in pH absorbance (600nm,o-O ) and the
level of kynureninase activity (units/mg protein, •#•*) 
during growth and sporulation of B. cereus T^q-2 .
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B. Purification of Kynureninase
(1) Preparation of cellular extract
For the purpose of purification of the enzyme 31 g of washed 
cells were suspended in distilled water and crystalline lysozyme was 
dissolved to a final concentration of 0.1 mg/ml. The suspension was 
incubated at 23 C for 2-3 hours till 70-80% of the cells lysed. An 
equal volume of 2X standard buffer was added and the lysate cooled 
to 4 C. Subsequent steps were performed at 4 C unless otherwise 
mentioned.
(ii) Precipitation with PEI 1000 and extraction with ammonium 
chloride
PEI 1000 was dlulted to 5% (v/v) in water and dlalyzed against 
several changes of water for 48 hours. Fifty ml of 5% PEI 1000 was 
slowly added to 620 ml of cellular extract. After allowing the 
suspension to stand for 15 minutes the precipitate was collected by 
centrifugation at 27,000 x g for 30 minutes. The precipitate was 
washed once with standard buffer and extracted with 140 ml of standard 
buffer containing 0.1 M  ammonium chloride.
(ill) Ammonium sulfate precipitation
Crystalline ammonium sulfate was gradually added to the 
ammonium chloride extract to 65% of saturation. The suspension was 
allowed to stand overnight in the refrigerator. The resulting precipi­
tate was collected by centrifugation at 27,000 x g and resuspended 
in standard buffer. Residual ammonium sulfate was removed by dialysis 
for 4 hours. Further purification was carried out on affinity columns.
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(iv) Affinity chromatography
The Sepharose-kynurenine derivatives were packed In three 
different columns (1 x 15 cm) and washed with 200 ml of standard 
buffer. The enzyme extract was then passed through the columns at 
a slow rate of flow. The columns were washed with 500 ml of standard 
buffer without pyrldoxal-5'-phosphate. The adsorbed enzymes were 
eluted with a 0.5 M tris-acetate buffer pH 7.5 containing 0.1%
2-merceptoethanol, 10% glycerol, 10 uM pyrldoxal-5*-phosphate and 
0.1 mg/ml L-kynurenine sulphate freshly added to the buffer. 2.5 ml 
fractions were collected.
The column of Sepharose to which kynurenine was coupled directly 
(matrix A) had a poor affinity for kynureninase. Out of 25,000 units 
applied to the column only 600 units were retained. Moreover, the 
adsorbed fractions could not be eluted.
Sepharose to which kynurenine was coupled through hexamethylene 
diamine (matrix B) served as the most suitable matrix for adsorption 
of kynureninase. The elution profile of a typical run is illustrated 
in Figure 11. Out of 235,600 units applied to the column in a volume 
of 20 ml, 211,000 units were obtained in the washings. Twenty-four 
thousand units were retained by the column out of which 23,750 units 
were recovered in the first four fractions on elution.
kynureninase did not bind to the Sepharose derivative where 
kynurenine was coupled to succinylated aminohexamethyllmino-Sepharose 
(matrix C). The entire activity applied to the column could be 
recovered in the first few fractions during washing.
Table 5 presents a summary of the purification procedure.
The method of purification described here provides a relatively
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Figure 11. Elution profile of ammonium chloride extract on matrix-B 
(kynurenine-AH-Sepharose). Symbols: -O-O-, absorbance
(280 nm); kynureninase activity. The arrow indicates
the addition of eluent.
FRACTION No.
Table 5. Summary of the purification scheme.
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Step of Purification Vol (ml) Protein (mg) Activity
(units)
Sp. Act. 
(units/mg)
Crude extract 620 14260 273000 26.0
Precipitation with PEI 
and Extraction with 
Ammonium Chloride 140 840 246148 293.0
65% Ammonium Sulfate 
Precipitation 20 810 235600 290.0
Affinity Chromatography 7.5 4 24375 6093.0
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rapid and simple means for obtaining a homogeneous preparation of the 
enzyme. Precipitating the crude extract with PEI and extracting 
the precipitate with 0.1 M  ammonium chloride was found to be highly 
effective in removing the contaminating proteins and nucleic acids.
A 11.3-fold purification with 667o recovery was obtained. The prepara­
tion contained only 5-6 electrophoretically distinct proteins with a 
specific activity of 293. This preparation was used for studying 
the various properties of the enzyme. The protein obtained after 
affinity chromatography was homogeneous by the criterion of disc 
gel electrophoresis (Figure 12). An overall 235-fold purification 
over the crude extract with a recovery of 6.4% was obtained.
C. Kinetics of the Kynureninase Reaction
Kynureninase catalyses a multistep reaction in which pyridoxal 
phosphate participates as a coenzyme. Furthermore, kynureninase from 
several sources has been reported to act on more than one substrate.
The complete kinetic analysis therefore requires that the velocity 
substrate relationship for a particular substrate be obtained at 
several concentrations of pyridoxal phosphate. In the present study, 
however, a constant amount of coenzyme was used in all the assays.
The effect of L-kynurenine concentration on the activity of kynureninase 
was obtained in the range of 1 micromole/liter to 0.7 millimole/liter.
A plot of V versus V/S (Figure 13) as suggested by Hofstee (1952) 
and a double reciprocal plot (Figure 14), conmonly known as Lineweaver 
and Burk plot, were used to calculate the maximum velocity (Vm) of 
the enzyme-catalyzed reaction and the Michaelis constant (Km) of 
kynureninase. The Vm was calculated to be 3.0 nmoles L kynurenine
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Figure 12. Polyacrylamide gel electrophoresis of purified kynureninase.
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Figure 13. Hofstee plot of kynureninase activity with L-kynurenine 
sulfate as the substrate. The velocity is expressed as 
nmoles of substrate disappeared/10 minutes. The substrate 
concentration was expressed as micromolar solution.
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Figure 14. Lineweaver-Burk plot of kynureninase activity with
L-kynurenine sulfate as substrate. Units of velocity 
and substrate concentration are the same as in Hofstee 
plot.
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disappearing/min/mg of protein. The apparent Km of kynureninase was 
-5
1.8 x 10 M L  kynurenine sulfate. The substrate affinities of
kynureninase from different sources differ considerably. Michaelis
**6 5
constants are reported as 6 x 10 M  for Neurospora. 3.5 x 10" M
-4
for Pseudomonas and 4 x 10 M  for mamnalian liver.
Concentrations of substrate higher than 0.7 millimole/liter 
were found inhibitory to the activity of the enzyme. Similar substrate 
inhibition was also reported by Jakoby and Bonner (1953b) for 
kynureninase from Pseudomonas.
D. Properties of Kynureninase
The results of sucrose density gradient centrifugation are 
shown in Figure 15. Using hemoglobin (M. W. 65,000) and catalase 
(M. W. 250,000) independently as reference proteins a molecular weight 
of 112,000 and 100,00 0, respectively, was obtained for kynureninase.
Figure 16 illustrates the effect of hydrogen ion concentration 
on the kynureninase activity. The following 0.1 M buffers were used: 
Phosphate buffer pH 6 - 8
Tris-HCl pH 8- 9
Glycine-NaOH pH 9-10
The activity of the enzyme in phosphate buffer was 33% higher 
over that in tris-HCl buffer of the same pH. Values of activity in 
phosphate buffer were therefore corrected for increases due to change 
in buffer. A bell-shaped curve with a sharp peak at pH 8.2 was 
obtained for kynureninase activity.
A purified preparation of kynureninase could catalyze the 
hydrolytic cleavage of kynurenine even in the absence of exogenous
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Figure 15. Sedimentation pattern of kynureninase in a 5 -257. sucrose 
density gradient. Hemoglobin (M.W. 65,000) and catalase 
(M.W. 250,000) were used as standards. Symbols: -o-o-,
absorbance (280 nm); change in absorbance (240 nm/
min.); -0 -0 - change in absorbance (360 nm/5 rain.).
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Figure 16. Effect of hydrogen ion concentration on the kynureninase 
activity. Values of activity in phosphate buffer were 
corrected for increase due to change in buffer.
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pyridoxal phosphate but addition of 3 x 10“3 M  penicillamine or 
L-cycloserine inhibits the enzyme activity completely. Thus, pyridoxal 
phosphate participates in the catalysis and the coenzyme is tightly 
bound to the enzyme. The effect of exogenous pyridoxal phosphate 
on the enzyme activity was studied in the range of 5-70 ug/ml.
Thirty ug/ml of pyridoxal phosphate was found to be the optimum 
concentration. Concentrations higher than that had an inhibitory 
effect on enzyme activity.
Among the various ions tested for their effect on the enzyme 
activity Fe^+  and Hg^+ were most inhibitory. Mg^+ , Ca^+ , K+ and NHg* 
did not inhibit the enzyme. Fe^+ , Cu^+ , Ni^+ , Mn^+ and Co ^ "exhibited 
a partial inhibition of enzyme activity. Results of these studies 
are summarized in Table 6 .
In order to study the effect of incubation at various tempera­
tures on the catabolic activity, 5 ml of enzyme preparation was 
taken in three different tubes and the tubes were placed in water 
baths set at 40, 45 and 50 C. Samples of 0.5 ml were drawn at 5,
10, 15, 30 and 60 minutes and were quickly chilled to 2-4 C. A 
sample without any such treatment served as the control. Kynureninase 
activity was measured by adding 0.1 ml of these samples to the assay 
mixture and measuring the disappearance of the substrate spectro- 
photometrically. Results are illustrated in Figure 18. Heating the 
enzyme at 40 C for 15 minutes increased the activity by 20%. Further 
heating at this temperature did not result in further increase. 
Incubations at 45 and 50 C inactivated the enzyme to different extents.
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Figure 17. Variation in kynureninase activity with the amount of
pyridoxal-51-phosphate at a substrate concentration used 
in the routine assay.
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Table 6. Effects of various cations on the activity of kynureninase.
Cations 
(1(T4 M) 7a Inhibition
Ni2+ 41
Mn2+ 34
Co2+ 25
Hg2+ 100
Cu2+ 60
Mg2+ 0
Ca2+ 0
K 1* 0
Fe3+ 100
® 2+ Fe 70
NH4+ 0
K+ , Co2+ Ml2+ Ca2+, m 2 + ,  
chlorides. Cu , Fe and Fe as 
acetate.
Mn^+ and NH4+ were added as 
sulfates and Hg was added as
73
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Figure 18. Heat inactivation of kynureninase. Temperatures of 
treatment were -O-O-, 40 C; -CW3-, 45 C; ■«-, 50 C.
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E. Comparison of Kynureninase From the Heat-Resistant Wild Type B.
Cereus TR-2 and Temperature-Sensitive Sporulation Mutant Ts-17 
Ten liter batches of ’ G* medium were inoculated separately 
with the two strains and the cultures were grown under identical 
conditions. Cells were harvested after eight hours of incubation.
The cell pastes were suspended in phosphate buffer (1 g of cells/
10 ml of buffer) and lysozyme at a concentration of 0.1 rag/ml was 
added to it. The suspension was incubated at 30 C for one hour 
following which the cells were disrupted by sonic pulses of 30 
seconds with 1 minute intervals to keep the temperature of the 
suspension below 10 C. The cell debris were removed by centrifugation 
at 27,000 x g and the kynureninase activity was tested in the wild 
type and mutant cellular extracts. The results are illustrated in 
Figure 19. The rate of disappearance of L-kynurenine was linear when 
the reaction was catalyzed by the mutant enzyme. In contrast the 
enzyme derived from the wild type gave a hyperbolic curve for the 
rate of reaction. The wild type sonicate was incubated at 23 C 
for one hour following which the cell debris was removed by centrifuga­
tion. The resulting cellular extract catalyzed the disappearance 
of the substrate at a linear rate. At this stage it was hypothesized 
that a soluble material is dissociated from the particulate fraction 
of the wild type sonicate on incubation. Along with kynureninase 
this soluble material also participates in the catalysis and is 
thereby able to change the rate of disappearance of kynurenine. In 
order to test the validity of this hypothesis an experiment was 
designed in the following manner:
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Figure 19. Rate of disappearance of kynurenine in reactions catalyzed 
by the cellular extracts of the mutant (-©-©-), wild 
type ( •  +•) and wild type following incubation (23 C,
60 min.: -o-o-).
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The supernatant obtained by the centrifugation (27,000 x g,
30 min.) of the t^ cellular extract was divided into two portions.
One portion was incubated at 23 C for one hour. Supernatant I was 
obtained by the centrifugation (102,000 x g, 1 hour) of the incubated 
material. Supernatant II was obtained by the centrifugation (102,000 xg,
I hour) of the other portion. The pellet obtained from this centrifuga­
tion was repeatedly washed. The washed pellet was suspended in the 
phosphate buffer and incubated for 1 hour at 23 C, following which it 
was centrifuged at 102,000 x g for 1 hour. The resulting supernatant 
was labeled as Supernatant III. The preparations are schematically 
presented in Figure 20.
Figure 21 illustrates the kynureninase activity of Supernatant
II and III. Supernatant III did not have any kynureninase activity 
but when added to Supernatant II, it enhanced the catalytic activity 
of the latter. Furthermore, Supernatant III did not have any effect 
on the catalytic activity of Supernatant I and the mutant kynureninase.
The same fractionation procedure was also followed for the 
mutant Tg-17 cellular extract. Supernatant III obtained from the mutant 
did not have any effect on the catalytic activity of Supernatant II.
The product of the kynureninase reaction was identified as 
anthranilic acid. Activity assays based on the measurement of 
anthranilic acid produced gave the same rate of reaction as that 
obtained by the measurement of disappearance of kynurenine in the , 
reactions catalyzed by mutant enzyme. The phenomenon in the wild 
type enzyme catalyzed reaction was different. Anthranilic acid 
appeared in the assay mixture only after prolonged incubation.
This observation was also confirmed by thin layer chromatography.
Figure 20. Scheme for the separation of various fractions of the 
cellular extract.
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Figure 21. Rate of disappearance of kynurenine in reactions catalyzed 
by supernatant III supernatant II (-#-•-), and
supernatant III + supernatant II (-0 -0 -).
ABSORBANCE(3 6 0 nm)
Wild type and mutant enzymes were incubated at 37 C with assay mixtures 
in separate tubes. Samples were withdrawn from both tubes at 10,
30 and 60 minutes. The samples were heated at 80 C for one minute 
and immediately cooled to 4 C. Fifty ug of these samples were applied 
on a silica gel 'G' plate and the chromatogram was developed for 
45-60 minutes as described in materials and methods. L-kynurenine, 
anthranilic acid and pyridoxal-5f-phosphate was included for comparison. 
Figure 22 is a reproduction of the chromatogram as viewed in UV light. 
Unlike the mutant enzyme the wild type enzyme catalyzed reaction 
required more than 30 minutes incubation before anthranilic acid 
could be detected.
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Figure 22. Reproduction of thin layer chromatogram of L-kynurenine, 
pyridoxal-5'-phosphate, anthranilic acid and reaction 
mixtures catalyzed by TR-2 and Tg-17 enzymes following 
different periods of incubation, (1) L-kynurenine, (2) 
anthranilic acid, (3) pyridoxal-5-phosphate, (4) TR-2 
crude extract heated for one minute at 80 C, (5) Tg-17 
crude extract heated for one minute at 80 C, (6, 7, 8) 
assay mixture containing TR-2 enzyme after 10, 30 and 60 
minutes incubation at 37 C respectively. (9, 10, 11) 
assay mixtures with Ts-17 enzyme after 10, 30 and 60 
minutes incubation at 37 C respectively.
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DISCUSSION
Since the discovery of dipicolinic acid (DPA) by Powell (1953), 
the DPA content of the spores has been studied extensively in relation 
to heat resistance. In spite of the large volume of work done in 
this area, the role that DPA plays in heat resistance of bacterial 
spores is a subject of controversy. Evidences presented in this 
investigation indicate that the presence of DPA alone is not sufficient 
for the development and maintenance of heat resistance of the bacterial 
spores. Although there was a 30-fold difference in the heat resistance 
of the spores of various strains, the DPA content remained almost the 
same. Earlier reports from several laboratories have also provided 
evidences indicating the lack of a relationship between DPA content 
and heat resistance of the spores (Murrell and Warth, 1965; Grez and 
Tang, 1970; Hanson et al., 1972 and Zytkovlcz and Halvorson, 1972).
2+The heat sensitive mutant described here had the same content of Ca ,
2*1*
Mn , DAP and hexosamines as the thermoresistant wild type. A
2+
threefold level of Mg in the spores of the thermoresistant strain
than in the thermosensitive spores indicates an important yet unexplained
2+role of Mg in the attainment and maintenance of the thermoresistant
state of the spore. In contrast to the inverse relationship proposed
2+ 2+ 
by Murrell and Warth (1964), the Mg content as well as the Mg :
2+
Ca ratio increased with the thermoresistance of the spores.
The heat sensitive spores which have a low DPA content or 
are DPA-less are difficult to germinate. Furthermore, addition of
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exogenous DPA restores the ability to germinate the spores low in DPA 
(Halvorson and Swanson, 1969). The heat sensitive mutants described 
here germinated faster than the heat resistant wild type. Rate of 
loss of calcium dipicolinate has been correlated with the thermal 
death of the spores (Grecz and Tang, 1970). Consequently the rate of 
release of Ca-DPA from the mutant spore will be faster than from the 
wild type which may act as an inducer for the germination process.
The measurement of the rates of release of Ca-DPA from the mutant 
and the wild type during heating may give us more valuable information 
in this area.
The difference in the kynureninase activity of the wild type 
and the mutant strain is an additional evidence for the involvement 
of tryptophan catabolism in the process of sporulation. The enzyme 
from a temperatures sensitive sporulation mutant B. cereus Ts -17 has 
been purified to homogeneity by affinity chromatography on derivatives 
of Sepharoes-4B, a commercially available form of agarose. L-kynurenine 
was coupled to native and derivatized Sepharose and the interaction 
between the resulting matrices and kynureninase was studied. The 
apparently low affinity of the enzyme for kynurenine directly coupled 
to Sepharose may be attributed to steric hinderance. Due to close 
proximity of the Sepharose matrix and the ligand, the latter was 
inaccessible to the enzyme surface. Inserting the spacer group 
between the ligand and Sepharose increased the binding capacity of 
the matrix by making the ligand more accessible to the enzyme. The 
low percentage of enzyme bound was probably because of more than 
saturating amount of enzyme applied to the column. Succinylation of 
aminohexamethylimino-Sepharose increased the length of the side arm
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even more than the hexamethylenediamine alone. Nevertheless all the 
kynureninase activity emerged in the same position as the protein 
peak. Failure of this matrix to retain the enzyme might be attributed 
to the unavailability of the amino group of the ligand involved in 
its coupling to the enzyme. This might also be a reason for the 
lack of affinity of the Sepharose-kynurenine matrix for kynureninase.
Some of the physical properties such as molecular weight of 
kynureninase and the optimum pH for catalytic activity are comparable 
to those of the enzyme from other sources (Moriguchi et al., 1971b; 
Jakoby and Bonner, 1953a). The increase in catalytic activity observed 
in phosphate buffer over tris-HCl in the assay mixture is probably 
because of phosphate activation of the enzyme. A similar explanation 
was suggested by Saran (1957), who found an enhancement of catalytic 
activity of kynureninase from Neurospora by phosphate radicals in 
the absence of exogenous pyridoxal-51-phosphate. High concentrations 
of pyridoxal-5'-phosphate or substrate are inhibitory to the enzymic 
activity. Similar inhibition of kynureninase activity was reported 
by Jakoby and Bonner (1953b). These inhibitions were attributed to 
the formation of a kynurenine-pyridoxal-51-phosphate complex limiting 
thereby the availability of one or both of these to the enzyme.
Further studies are, however, needed to understand precisely the 
mechanism of these inhibitions.
Kynureninase from Neurospora has been resolved into two forms 
(Turner and Drucker, 1971) having distinct kynureninase and hydroxy- 
kynureninase activities (Gaertner et al., 1971). The resolved 
kynureninase is inducible whereas hydroxykynureninase is constitutive 
(Shetty and Gaertner, 1972). The enzyme from B. cereus, T.-17 has
M B  Q
89
been identified as kynureninase catalyzing the conversion of L-kynurenine 
to anthranilic acid and L-alanine. The synthesis of enzyme in B. 
cereus T -17 could not be induced by incorporating L-tryptophan 
(100 ug/ml) into the medium one hour after the end of exponential 
growth. Nonpermeability of the cells at that stage as an explanation 
to account for this phenomenon could be excluded on the basis of 
the observation that addition of L-tryptophan under similar conditions 
of growth induces the synthesis of tryptophan pyrrolase. Kynureninase 
from Pseudomonas (Hayaishi and Stanier, 1952), Neurospora (Jakoby and 
Bonner, 1953a) and Aspergillus (Subba Rao et al., 1971) have been 
reported to be inducible by L-tryptophan. However, the same enzyme 
in rat liver (Knox, 1953) was constitutive.
Properties of kynureninase obtained from the wild type were 
compared with that of the enzyme from the mutant. On the basis of 
such observations a model for kynureninase from Bacillus cereus is 
proposed (Figure 23). The kynureninase system consists of at least 
two subunits ('A1 and *B') with different functions. In its natural 
state protein 'A' is soluble whereas ' B' is particulate. 'A' carries 
the kynurenine binding site. It binds the substrate and modifies it 
structurally. It does not catalyze the formation of anthranilic acid. 
Therefore in reactions catalyzed by 'A* alone the reduction in absorbance 
(360 nm) starts instantaneously but the increase in absorbance (310 nm) 
does not take place. After prolonged incubation the rate of decrease 
in absorbance (360 nm) decreases because of saturation of all the 
substrate binding sites; the modified kynurenine is then the substrate 
for 'B' which catalyzes the hydrolytic cleavage yielding anthranilic 
acid and L-alanine. In the wild type organism 'A' is in the supernatant
Figure 23. Model system for kynureninase from Bacillus cereus.
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fraction whereas 'B' is bound presumably to the membrane and is released 
only on incubation. In the temperature sensitive mutant both the 
fractions are soluble and therefore the rate of disappearance of the 
substrate in the mutant catalyzed reaction is linear. An alteration 
in 'B' or in the membrane (at the site at which 'B' binds) or both, 
in the mutant strain might be a possible explanation for the 
solubilization of 'B1.
The appearance of kynureninase activity in B. cereus at 
different stages of growth and sporulation follows a distinct pattern. 
This is similar to the appearance of kynureninase activity at specific 
stages of development in other differentiating systems such as chick 
embryo (Smith and Dietrich, 1971) and the chromatid bodies of Entamoeba 
invadens (Czeto et al., 1973). The kynureninase activity in B. 
cereus reaches a peak four hours after the end of exponential growth 
which is also an important physiological stage (commitment) with 
regard to sporulation. Whether kynureninase has any regulatory role 
in the differentiation of cells during sporulation needs further 
investigation.
LITERATURE CITED
Abdel-Diam, M. H., S. M. El-Sewedy, F. S. Keleda and G. A. Abdel- 
Tawab. 1969. In vivo effect of tartar emetic on tryptophan 
metabolism in patients with Schistomiasia. Trans. Roy. Soc.
Trop. Med. Hyg. 63:859-866.
Ahmod, F. and A. G. Moat. 1966. Nicotinic acid biosynthesis in 
prototrophs and tryptophan auxotrophs of Saccharomyces 
cerevisiae. J. Biol. Chem. 241:775-779.
Alderton, G., P. A. Thompson and N. Snell. 1964. Heat adaptation 
and ion exchange in Bacillus megaterium spores. Science. 143: 
141-143.
Aoki, H. and R. A. Slepecky. 1973. Inducement of a heat shock
requirement for gemination and production of increased heat 
resistance in Bacillus fastidiosus spores by manganous ion.
J. Bacteriol. 114:137-143.
Aronson, A . , E. Henderson, and A. Tincher. 1967. Participation of 
the lysine pathway in dipicolinic acid synthesis in Bacillus 
cereus T. Biochem. Biophys. Res. Commun. 26:454-460.
Binazzi, M. and P. Calandra. 1972. Tryp-Niacin pathway in carriers
of Lupus erythematosus. Acta Vitaminol. Enzymol. 25:205-206.
Binazzi, M. and P. Calandra. 1973. Tryp-Niacin pathway in scleroderma
and in dermatomyositis. Arch. Dermatol Forsch. 246:142-145.
Black, S. H., T. Hashimoto and P. Gerhardt. 1960. Calcium reversal 
of the heat sensitivity and dipicolinate deficiency of spores 
formed endotropically in water. Canadian J. Microbiol. 6_:
213-224.
Black, S. H. and P. Gerhardt. 1962. Permeability of bacterial 
spores. IV. Water content, uptake and distribution. J.
Bacteriol. 83:960-967.
Braunstein, A. E., E. V. Goryacherikova and T. S. Paskhina. 1949.
Enzymatic formation of alanine from L-kynurenine and tryptophan 
and the role of vitamin Bg in this process. Biokhimiya. 14:163-179.
Bryan, G. T., R. R. Brown and J. M. Price. 1964. Mouse bladder 
carcinogenicity of certain tryptophan metabolites and other 
aromatic nitrogen compounds suspended in cholesterol. Cancer 
Res. 24:596-602.
93
94
Bryan, G, T., C. R. Morris and R. R. Brown. 1965. Absorption of 
C ^ labeled 3-hydroxy-L-kynurenine and 3-hydroxyanthranilic 
acid from the mouse urinary bladder under carcinogenic conditions. 
Cancer Res. 25:1432-1437.
Byrne, A. F., T. R. Burton, and R. B. Koch. 1960. Relation of DPA 
content of anaerobic bacterial spores to their heat resistance.
J. Bacteriol. 80:139-140.
Cessi, C. and F. Pilliego. 1960. The determination of amino-sugars 
in the presence of amino acids and glucose. Biochem. J. 77: 
508-510.
Church, B. D. and H. Halvorson. 1959. Dependence of the heat
resistance of bacterial endospores on their DPA content. Nature. 
183:124-125.
Clot, J., M. Baudry and R. Michel. 1973. Influence of thyroidectomy 
on the enzymatic activation of rat hepatic mitochondria.
Biochimie. 55:451-456.
Collier, R. E. 1957. An approach to synchronous growth for spore
formation in Clostridium roseum. p. 10-17. In Spores. Ed. by 
Halvorson, H. 0. Amer. Inst. Biol. Sci. Washington, D. C.
Cuatrecasas, P. and C. B. Anfinsen. 1971. In Methods in Enzymology, 
Vol. XXII, p. 345-378. Ed. by Jakoby, W. B. Academic Press,
New York.
Czeto, A. R., R. S. Morgan and G. K. Strother. 1973. The UV absorption 
spectra of chromatid bodies of Entamoeba invadens in situ.
Exp. Cell Res. 78:345-350.
Dalgliesh, C. E., W. E. Knox and A. Neuberger. 1951. Intermediary
metabolism of tryptophan. Nature. 168:20-22.
David, D. J. 1960. The determination of exchangeable sodium,
potassium, calcium and magnesium in soil by atomic absorption 
spectrophotometry. Analyst. 85:495-503.
Davis, B. J. 1964. Disc electrophoresis. II. Method and application 
to human serum proteins. Ann. N. Y. Acad. Sci. 121:404-427.
Davis, D., L. M. Henderson and D. Powell. 1950. The niacin-tryptophan
relationship in the metabolism of Xanthomonas pruni. J. Biol. 
Chem. 189:543-549.
Davis, H. L., R. R. Brown, J. Leklem and I. H. Carlson. 1973.
Tryptophan metabolism in breast cancer: Correlation with
urinary steroid excretion. Cancer. 31:1061-1064.
95
DeCastro, F. T., J. M. Price and R. R. Brown. 1956. TPNH requirement 
for the enzymatic formation of 3-hydroxykynurenine from 
kynurenine. J. Am. Chem. Soc. 78:2904-2905.
Desaty, D. and L. C. Vining. 1967. Biosynthesis of nicotinic acid
by Fusarium oxysporum schlecht. Can. J. Biochem. 45:1953-1959.
Diamanststein, T. and H. Ehrhart. 1961. Dilnnschichtchromatographische 
Trennung einiger Stoffwechselprodukte des Tryptophans. Hoppe- 
Seylers Z. Physiol. Chem. 326:131-134.
Doi, R. H. and H. Halvorson. 1961. Mechanism of dipicolinic acid
stimulation of the soluble reduced diphosphopyridine nucleotide 
oxidase of spores. J. Bacteriol. 81:642-648.
Dustmann, J. H. 1969. Chemical analysis of eye color mutants of 
Apis me11ifera. J. Insect. Physiol. 15:2225-2238.
Finley, N. and M. L. Fields. 1962. Heat activation and heat induced
dormancy of Bacillus stearothermophilus spores. Appl. Microbiol. 
10:231-235.
Fukuda, A. and C. Gilvarg. 1968. The relationship of dipicolinate 
and lysine biosynthesis in Bacillus megaterium. J. Biol. Chem. 
243:3871-3876.
Gerhardt, P. and S. H. Black. 1961a. Permeability of bacterial
spores, p. 218-228. In Spores. II. Ed. by Halvorson, H. 0.
Burgess Pub. Co., Minneapolis.
Gerhardt, P. and S. H. Black. 1961b. Permeability of bacterial
spores. J. Bacteriol. 82:750-760.
Gillani, S., G. Murphy, G. Kenny, A. Nussbaum and P. S. Silvemail. 
1973. Studies on tryptophan metabolism in patients with 
bladder cancer. Cancer Res. 33:1071-1077.
Goryachenkova, E. V. 1951. Blocking of kynureninase action by
amino acids and its significance in pathogenesis of pellagra. 
Doklady Akad. Nauk. S. S. S. R. 80:643-646.
Grecz,N. and T. Tang. 1970. Relation of dipicolinic acid to heat 
resistance of bacterial spores. J. Gen. Microbiol. 63:303-310.
Halvorson, H. 0. 1957. Rapid and simultaneous sporulation. J.
Appl. Bacteriol. 20:305-314.
Halvorson, H. 0. 1961. Li Cryptobiotic Stages in Biological Systems,
p. 32-63. Ed. by Grossowiez, N., S. Hestrin and A. Keynan. 
Elsevier Pub. Co., Amsterdam.
96
Halvorson, H. 0. and A. Swanson. 1969. Role of dipicolinic acid in 
the physiology of bacterial spores, p. 121-132. In Spores.
IV. Ed. by L. L. Campbell. Am. Soc. Microbiol. Bethesda, 
Maryland.
Hanson, R. S., M. V. Curry, J. V. G a m e r  and H. 0. Halvorson. 1972.
Mutants of Bacillus cereus strain T that produce thermoresistant 
spores lacking dipicolinic acid and have low levels of calcium. 
Can. J. Microbiol. 18:1139-1143.
Haskins, F. A. and H. K. Mitchell. 1949. Evidence for a tryptophan 
cycle in Neurospora. Proc. Natl. Acad. Sci. U. S., 35:500-506.
Hayashi, 0. and R. Y. Stanier. 1952. The kynureninase of Pseudomonas 
fluorescens. J. Biol. Chem. 195:735-740.
Hayashi, 0., H. Taniuchi, M. Tashiro and S. Kuno. 1961. Studies 
on the metabolism of kynurenic acid. I. The formation of 
L-glutamic acid, D- and L-alanine, and acetic acid from kynurenic 
acid by Pseudomonas extracts. J. Biol. Chem. 179:151-155.
Hornung, M. 1963. Paper chromatography of Pneumococcal cell wall 
hydrolysate containing glucosamine, galactosamine, muramic 
acid and peptides. J. Bacteriol. 86:1345-1346.
Ichiihara, A., K. Adachi, K. Hosokawa and Y. Takeda. 1962. The
enzymatic hydroxylation of aromatic carboxylic acid. Substrate 
specificities of anthranilate and benzoate oxidases. J. Biol. 
Chem. 237:2296-2302.
Inman, J. K. and H. M. Dintzis. 1969. The derlvatizatlon of cross- 
linked polyacrylamide beads. Controlled introduction of 
functional groups for the preparation of special purpose 
biochemical absorbants. Biochemistry. 8:4074-4082.
Jakoby, W. B. and D. M. Bonner. 1956. Kynurenine transaminase
from Neurospora. J. Biol. Chem. 221:689-695.
Jakoby, W. B. and D. M. Bonner. 1953a. Kynureninase from Neurospora:
Purification and properties. J. Biol. Chem. 205:699-707.
Jakoby, W. B. and D. M. Bonner. 1953b. Kynureninase from Neurospora:
Interaction of enzyme with substrate, coenzyme and amines. J. 
Biol. Chem. 205:709-715.
Janssen, F. W., A. J. Lund and L. E. Anderson. 1958. Colometric 
assay for dipicolinic acid in bacterial spores. Science 127: 
26-27.
Kanaoka, Y., H. Weissbach, T. E. Smith and B. Whitkop. 1961. Oxidation 
of kynurenine derivatives by monoamine oxidase and the enzymatic 
conversion of dihydronorkynuramine to indigo. J. Am. Chem.
Soc. 83:732-736.
97
Knox, W. E. 1953. The relation of liver kynureninase to tryptophan
metabolism in pyridoxine deficiency. Biochemical. J. 53;379-385.
Knox, W. E. and A. H. Mehlar. 1950. The conversion of tryptophan to 
kynurenine in liver. J. Biol. Chem. 187:419-430.
Kostellow, A. B. and G. A. Morrill. 1973. Factors controlling the 
selection of tissue specific metabolic pathways in early 
embryonic cells. Exp. Cell Res. 77;183-184.
Kotake, Y. and T. Nakayama. 1941. Studies on the intermediary 
metabolism of tryptophan. Z. Physiol. Chem. 270:41-96.
Lechowich, R. V. 1959. Studies on thermally induced changes in the 
bacterial endospores and on the relationship of its chemical 
composition to thermal resistance. Ph.D. Thesis. University 
of Illinois, Urbana, Illinois.
Lechowich, R. V. and Z. J, Ordal. 1962. The influence of sporulation 
temperature on the heat resistance and chemical composition 
of bacterial endospores. Can. J. Microbiol. 8:287-295.
Leibenguth, F. 1971. Zur Pleiotropie des wh-und el-Locus bei 
Habrobracon juglandis. Z. Naturforsch Teil B 26_B:53-60.
Leklem, J. E., J. Woodford and R. R. Brown. 1969. Comparative
tryptophan metabolism in cats and rats: Difference in adaptation
of tryptophan oxygenase and in vivo metabolism of tryptophan, 
kynurenine and hydroxykynurenine. Comp. Biochem. Physiol. 
31:95-109.
Levinson, H. S. and M. T. Hyatt. 1964. Effect of sporulation medium 
on heat resistance, chemical composition and germination of 
Bacillus megaterium spores. J. Bacteriol. 87:876-886.
Levinson, H. S., M. T. Hyatt and F. E. Moore. 1961. Dependance of
the heat resistance of bacterial spores on the calcium:dipicolinic 
acid ratio. Biochem. Biophys. Res. Commun. 5^:417-421.
Lewis, J. C., N. S. Snell and H. K. Burr. 1960. Water permeability 
of bacterial spores and the concept of a contractile cortex. 
Science 132:544-545.
Liggio, F. 1970. Diet deficient in animal protein and atypical 
neuropsychiatric disturbances of the Hartnup disease type 
characterized by a few similar symptoms. Acta Neurol. (Naples) 
25:404-410.
Lingens, F. and P. Vollprecht. 1964. The biosynthesis of nicotinic 
acid in Streptomycetes, algae, Phycomycetes and yeast. Z.
Physiol. Chem. 339:64-74.
98
Longenecker, J. B. and E. E. Snell. 1955. A possible mechanism 
for kynureninase action. J. Biol. Chem. 213;229-235.
Lowry, 0. H., N. J. Rosebrough, A. L. Farr and R. J. Randall. 1951. 
Protein measurement with the Folin phenol reagent. J. Biol.
Chem. 193:265-275.
Machill, G. 1972. Comparison of kynureninase activity in different 
organs of mammals. Acta Biol. Med. Ger. 29;179-182.
Makino, K. and K. Arai. 1955. Conversion of 3-hydroxykynurenine 
to 4,8-dihydroxyquinoline by mouse liver homogenate. Science 
121:143-144.
Makino, K., Y. Joh, F. Hasegawa and H. Takahashi. 1964. The
precursor of kynuramine. Biochim. Biophys. Acta. 86:191-194.
Mandelstam, J. and H. J. Rogers. 1959. The incorporation of amino 
acids into the cell-wall mucopeptide of staphylococci and the 
effect of antibiotics on the process. Biochem. J. 72:654-662.
Marcus, S. L. and E. Balbinder. 1972. Use of affinity matrices in
determining steric requirements for substrate binding: Binding
of anthranilate 5-phosphoribosylpyrophosphate phosphoribosyl- 
transpherase from Salmonella typhimurium to Sepharose-anthranilate 
derivatives. Anal. Biochem. 48:448-459.
Martin, R. L. and B. N. Ames. 1961. A method for determining the 
sedimentation behavior of enzymes: Application to protein
mixtures. J. Biol. Chem. 236:1371-1379.
Matchett, W. H. and J. A. Demoss. 1963. Direct evidence for a 
tryptophan-anthranilic acid cycle in Neurospora. Biochim.
Biophys. Acta. 71:632-641.
Miller, I. L. and E. A. Adelberg. 1953. The mechanism of kynureninase 
action. J. Biol. Chem. 205:691-696.
Miller, I. L., M. Tsuchida and E. A. Adelberg. 1953. The transamination 
of kynurenine. J. Biol. Chem. 203:205-212.
Mbriguchi, M., T. Yamamoto and K. Soda. 1971a. Inactivation of
kynureninase by L-alanine. Biochem. Biophys. Res. Commun. 
44:752-755.
Moriguchi, M., T. Yamamoto and K. Soda. 1971b. Crystalline kynureninase
from Pseudomonas marginalis. Biochem. Biophys. Res. Commun. 
45:828-833.
Moriguchi, M., T. Yamamoto and K. Soda. 1973a. Properties of
crystalline kynureninase from Pseudomonas marginalis.
Biochemistry. 12:2969-2974.
99
Moriguchi, M. and K. Soda. 1973b. Transamination reaction catalyzed 
by kynureninase and control of the enzyme activity. Biochemistry 
12:2974-2979.
Murrell, W. G. and A. D. Warth. 1965. Composition and heat resistance 
of bacterial spores, p. 1-24. In Spores III. Ed. by Campbell,
L. L. and H. 0. Halvorson. Amer. Soc. for Microbiol., Ann
Arbor, Mich.
Nakagawa, H., H. Inoue and Y. Takeda. 1963. Characteristics of 
catechol oxygenase from Brevibacterium fuscum. J. Biochem. 
(Tokyo) 54:65-74.
Nath, E. J. and L. F. L. Clegg. 1969. Studies on the activation
of spores of some Bacillus species. Can. Inst. Food Technol.
J. 2:86-93.
Ornstein, L. 1964. Disc electrophoresis. I. Background and 
theory. Ann. N. Y. Acad. Sci. 121:321-349.
Pal, B. K. and D. E. Ryan. 1969. Fluorescence and metallic valency 
stetes. Part II. Determination of manganese. Anal. Chim.
Acta. 47:35-39.
Perty, M. 1852. Zur kenntis kleinster lebens formen. Bern. Cited 
in Knaysi, G. 1948. The endospores of Bacteria. Bact. Rev. 
12:19-77.
Powell, J. F. 1953. Isolation if dipicolinic acid from the spores 
of Bacillus megaterium. Biochem. J. 54:210-211.
Powell, J. F. and R. E. Strange. 1953. Biochemical changes occurring 
during the germination of bacterial spores. Biochem. J. 54: 
205-209.
Powell, J. F. 1957. Biochemical changes occurring during spore
germination in Bacillus spores. J. Appl. Bacteriol. 20:349-358.
Prasad, C. and V. R. Srinivasan. 1970a. Tryptophan catabolism
during sporulation in Bacillus cereus. Biochem. J. 119:343-349.
Prasad, C. and V. R. Srinivasan. 1970b. Effect of tryptophan
catabolites on the development of heat resistance in Bacillus 
cereus spores. Microbios. 5:27-34.
Price, J. M., R. R. Brown, E. C. Pferffenbach and N. J. Smith. 1970. 
Excretion of urinary tryptophan metabolites by patients of 
congenital hypoplastic anemia. J. Lab. Clin. Med. 75:316-324.
Rode, L. J. and J. W. Foster. 1960. Induced release of dipicolinic 
acid from spores of Bacillus megaterium. J. Bacteriol. 79: 
650-656.
100
Rose, D. P. 1969. The influence of sex and estrogens on liver
kynureninase and kynurenine aminotransferase in rat. Biochim. 
Biophys. Acta. 184:412-419.
Rose, D. P. and P. A. Toseland. 1973. Urinary excretion of quinolinic 
acid and other tryptophan metabolites after dexypyridoxine or 
oral contraceptive administration. Metab. Clin. Exp. 22:165-171.
Saren, A. 1958. Properties and partial purification of kynureninase. 
Biochem. J. 70:182-188.
Sarett, H. P. and G. A. Goldsmith. 1950. Metabolism of L- and 
DL- tryptophan in normal man and in pellagrins. J. Biol.
Chem. 182:679-690.
Schwabl, G. and B. Linzen. 1973. On the formation of eye pigment 
granules after feeding ommochrome precursors to Drosophila 
v and ch. Wilhelm Rovx Archentwicklungsmech Ore. 171:223-227.
Shetty, A. S. and F. H. Gaertner. 1973. Distinct kynureninase
and hydroxykynureninase activities in microorganism: Occurrence
and properties of a single physiologically discrete enzyme in 
yeats. J. Bacteriol. 115:1127-1133.
Sistron, W. R. and R. Y. Stanier. 1954. The mechanism of formation
of -keto adipic acid by bacteria. J. Biol. Chem. 210:821-836.
Slepecky, R. A. and J. W. Foster. 1959. Alteration in metal content
of spores of Bacillus megaterium and the effect on some spore 
properties. J. Bacteriol. 78:117-123.
Smith, M. A. and L. S. Dietrich. 1971. Kynurenine metabolism in
the developing chick embryo. Biochim. Biophys. Acta. 230: 
271-278.
Sohrabi, N. 1972. Effect of tryptophan analogues on the sporulation
of Bacillus cereus. M.S. Thesis. Louisiana State University.
Baton Rouge.
Spiera, H. 1970. Urinary kynurenine excretion in rheumatoid arthritis 
following an overnight fast. Mt. Sinai. J. Med. 37:345-452.
Srinivasan, S. K. and D. Sharma. 1970. Effect of inhibitors of heat
resistance on DPA/Ca levels in spores of Bacillus cereus T. 
p. 218-221. In Factors influencing dipicolinic acid synthesis 
and sporulation in Bacilli. Ed. by Gollakota, K. G., U. P. 
Agricultural University. Pantnagar, India.
Stanier, R. Y., 0. Hayaishi and M. Tschida. 1951. The bacterial
oxidation of tryptophan. I. A general survey of the pathways.
J. Bacteriol. 62:355-366.
101
Stewart, B. T. and H. 0. Halvorson. 1953. Studies on the spores 
of aerobic bacteria. I. The occurrence of alanine racemase.
J. Bacteriol. 65:160-166.
Subba Rao, P. V., N. S. Shreeleela, R. Premkumar and C. S. Vidyanathan. 
1971. Regulation of the pathway for the degradation of 
anthranilate in Aspergillus niger. J. Bacteriol. 107:100-105.
Sugiyama, H. 1951. Studies on factors affecting the heat resistance 
of spores of Clostridium botulinum. J. Bacteriol. 62:81-95.
Tamir, H. and C. Gilvarg. 1966. Density gradient centrifugation for 
the separation of sporulating forms of Bacteria. J. Biol.
Chem. 241:1085-1090.
Tang, T., K. S. Rajan and N. Grecz. 1968. Mixed chelates of Ca 
(II)-pyridine-2,6-dicarboxylic acid with some amino acids 
related to bacterial spores. Biophys. J. 8:1458-1474.
Taniuchi, H. and 0. Hayaishi. 1963. Studies on the metabolism of
kynurenic acid. III. Enzymatic formation of 7,8-dihydroxykynurenLc 
acid from kynurenic acid. J. Biol. Chem. 238:283-293.
Tatum, E. L. and A. J. Haagen-Smit. 1941. Identification of drosophila 
v“ hormone of bacterial origin. J. Biol. Chem. 140:575-2580.
Terui, G., T. Enatsu and G. Okazaki. 1961. On the dissimilative 
metabolism of anthranilate by a yeast strain isolated from 
soil. J. Ferment. Technol. (Japan). 39:736-742.
Terui, G., T. Enastu and S. Tabata. 1961. On the dissimilative
metabolism of anthranilate by Aspergillus niger. J. Ferment. 
Technol. (Japan). 39:724-731.
Thompson, R. S. and E. R. Leadbetter. 1973. On the isolation of 
dipicolinic acid from endospores of Sarcina ureae. Arch.
Mikrobiol. 45:27-32.
Turner, J. R. and H. Dxucker. 1971. Kynureninase from Neurospora: 
Occurence of two activities. Biochem. Biophys. Res. Commun. 
42:698-704.
Ueno, Y., K. Hayaishi, and R. Shukuya. 1963. Kynurenine transaminase 
from horse kidney. J. Biochem. (Tokyo). 54:75-80.
Vinter, V. 1957. The effect of cystine upon spore formation by 
Bacillus megaterium. J. Appl. 20:325-332.
Walker, H.  W . ,  J .  R .  Matches and J. C. Ayres. 1961. Chemical 
composition and heat resistance on some aerobic bacterial 
spores. J. Bacteriol. 82:960-966.
102
Warraki, S. E., M. Y. El Gammal, M. F. El Asmar and N. Wahba. 1970.
Serum kynurenine in bronchial asthma and chronic bronchitis.
Chest 57:148-150.
Warth, A. D., D. F. Ohye and W. G. Murrell. 1962. Spore cortex
formation, composition and heat resistance. (Abstr.) Intern.
Gongr. Microbiol., 8th, Montreal, p. 16.
Weiss, K. F. and D. H. Strong. 1966. Some properties of heat
resistant and heat sensitive strains of Clostridium perfrigens. 
Bacteriol. Proc. G 99, p. 32.
Wilson, R. G. and L. M. Henderson. 1963. Tryptophan niacin relationship 
in Xanthomonas pruni. J. Bacteriol. 85:221-229.
Wise, J., A. Swanson and H. 0. Halvorson. 1967. Dipicolinic acid-less 
mutants of Bacillus cereus. J. Bacteriol. 94:2075-2076.
Wiss, 0. 1949. Untersuchungen uber das L-kynureninspaltende Enzyme 
Kynureninase. Helv. Chim. Acta. 32:1694-1698.
Wiss, 0. 1952. The significance of pyridoxal-51-phosphate for 
the degradation of kynurenine and 3-hydroxykynurenine. Z. 
Naturforsch. 7b:133-136.
Wooley, B. C. and R. E. Collier. 1965. Changes in thermoresistance 
of Clostridium roseum as related to the intracellular content 
of calcium and dipicolinic acid. Canad. J. Microbiol. 11:
279-285.
Work, E. 1957. Reaction of ninhybrin in acid solution with straight- 
chain amino acids containing two amino groups and its application 
to the estimation of a  , £ -diaminopimelic acid. Biochem. J. 
67:416-423.
Yamafuji, K., T. Fuji, Y. Kanegae and K. Matsuno. 1972. Action of 
carcinogenic tryptophan metabolites on DMA and RNA polymerase. 
Enzymologia. 43:73-82.
Zamenhof, S. 1960. Effects of heating dry bacteria and spores on 
their phenotype and genotype. Proc. Nat. Acad. Sci. U. S. 46: 
101-105.
Ziegler, E. and H. Berger. 1970. Tryptophan metabolism in newborn 
low-birth-weights infants. Clin. Chim. Acta. 28:369-371.
Zytkovicz, T. H. and H. 0. Halvorson. 1972. Some characteristics 
of dipicolinic acid-less mutant spores of Bacillus cereus,
Bacillus megaterium and Bacillus subtilis. p. 49-52. In Spores.
V. Ed. by Halvorson, H. 0., R. Hanson and L. L. Campbell.
Amer. Soc. for Microbiol. Fontana, Wisconsin.
VITA
India 
U. P.
He is
Chandra K. Banerjee was born on March 9, 1941, at Lucknow,
He received his B.Sc. (Hon's.) and M.Sc. degrees from 
Agricultural University, India in 1966 and 1970, respectively, 
a candidate for the Doctor of Philosophy degree in August, 1974.
103
EXAMINATION AND THESIS REPORT
Candidate: Chandra K. Banerjee
Major Field: Microbiology
Title of Thesis: Role of Kynureninase in Sporulation of Bacillus cereus.
Approved:
l/\/ V\ V*
M ajor Professor and Chairman 
Dean of the Graduate School
EXAMINING COMMITTEE:
Date of Examination: 
June 18, 1974
